berculosis. Feces is generally considered to be a difficult sample type for molecular detection of microbial pathogens due to the presence of PCR inhibitors (9) (10) (11) and the large amount of nonspecific DNA that is extracted from other fecal flora species and host cells. M. avium subsp. paratuberculosis is present in very low numbers in feces in the majority of infected animals in a population, as the disease has a prolonged incubation period and only a minority of cases develop clinical disease with high-level fecal shedding (12) . Finally, M. avium subsp. paratuberculosis is a robust organism and requires vigorous treatment to effect lysis/rupture of its cell wall and release of DNA for analysis (13) .
In 2007, Kawaji et al. (14) reported a rapid test for the detection of M. avium subsp. paratuberculosis in ovine fecal samples that had a sensitivity and specificity similar to those of Bactec culture. The DNA extraction component was laborious and could not be scaled up for routine use in diagnostic laboratories, but the quantitative PCR (qPCR) component was robust. Here, we report the development of a practical new test (the high-throughput-Johnes [HT-J] test) based on this qPCR. The HT-J test has eliminated several labor-intensive aspects of DNA purification and replaced them with a semiautomated procedure in a 96-well plate format; not only does this reduce the time required to perform the test, but it significantly reduces the risk of cross-contamination due to manual handling. The purpose of the test is to identify M. avium subsp. paratuberculosis in fecal samples from cattle and sheep. Feces from cattle (1,330 samples from 23 herds) and sheep (596 samples from 16 flocks) were evaluated in the HT-J test in comparison with Bactec culture. We report here the analytical sensitivity and specificity of the HT-J test and provide estimates of M. avium subsp. paratuberculosis detectability relative to fecal culture to meet the recommended standards for reporting M. avium subsp. paratuberculosis and qPCR diagnostic test accuracy (2, 15) .
MATERIALS AND METHODS

Mycobacterial strains.
A panel of 51 mycobacterial isolates that included defined C and S strains of M. avium subsp. paratuberculosis was used to assess the analytical specificity and sensitivity of the assay ( Table 1 ). The two reference strains of M. avium subsp. paratuberculosis were Telford 9.2 and CM00/416. Telford 9.2 is a pure culture at passage level 5 (including its primary isolation from sheep feces) and is IS900 restriction fragment length polymorphism (RFLP) type S1, IS1311 PCR-restriction endonuclease analysis (REA) type S, pathogenic in sheep, and distinct from M. avium subsp. paratuberculosis strain K10 based on a whole-genome microarray comparison (16, 17) . CM00/416 is a nonclonal culture at passage level 5 (including its primary isolation from cattle tissues) and is IS1311 PCR-REA type C, pathogenic for cattle (our unpublished data), and apparently identical to M. avium subsp. paratuberculosis K10 based on a whole-genome microarray comparison (17) . Mycobacteria were reconstituted from lyophilized stock in 0.1 ml sterile water and inoculated into radiometric Bactec 12B culture vials containing PANTA (BD Biosciences). For all M. avium subsp. paratuberculosis strains, the radiometric culture vials were supplemented with egg yolk (obtained aseptically from fresh commercial eggs sold for human consumption) and mycobactin J (Allied Monitor, Inc., Fayette, MO), as previously described (18, 19) . These were incubated at 37°C until they reached a growth index of 999. A 1-ml aliquot from each radiometric culture vial was stored at Ϫ80°C prior to DNA extraction using routine methods. DNA from Mycobacterium tuberculosis and Mycobacterium bovis strains were a kind gift from the National Institute of Animal Health, Japan. Purified genomic DNA was quantified using spectrophotometry (NanoDrop 1000; Thermo Scientific), diluted to a concentration of 2 ng/l in nuclease-free water, and stored at Ϫ80°C. For fecal spiking experiments, M. avium subsp. paratuberculosis organisms were subcultured on modified Middlebrook 7H10 agar slopes supplemented with mycobactin J for 6 weeks, as previously described (18) , harvested by gently scraping, and resuspended in phosphate-buffered saline (PBS) with 0.1% (wt/vol) Tween 20. A single-cell suspension was prepared by vortexing for 5 min and then passing the suspension through a 26-G needle and filtering through a sterile 8-m filter. The integrity of the filter was checked before proceeding. A 1:100 dilution of the suspension was examined (ϫ400 magnification) to confirm that the majority of cells were single. If clumping was evident, the 26-G needle aspiration and filter steps were repeated until a single-cell suspension was achieved. Enumeration of M. avium subsp. paratuberculosis was performed using a Helber counting chamber for visible count, and a most probable number (MPN) estimate was used to obtain a viable count (20) .
16S rRNA PCR. For specific experiments, mycobacterial 16S rRNA primers (forward, 5=-CCTGGTGTAGCGGTGGAATG-3= and reverse, 5=-GCTCCTCAGCGTCAGTTACT-3=) were designed in the nonpolymorphic region, and qPCR was performed as previously described (21) .
M. avium subsp. paratuberculosis fecal culture. Liquid culture to detect M. avium subsp. paratuberculosis in fecal samples using radiometric Bactec 12B medium and PCR confirmation were performed as previously described (18, 19) .
Spiking of feces with M. avium subsp. paratuberculosis. To determine the analytical range of the HT-J test (described below), endpoint titrations of M. avium subsp. paratuberculosis S and C strain organisms were performed using 10-fold dilutions of suspensions to give final concentrations from 1 ϫ 10 8 to 1 ϫ 10 1 organisms/g feces, derived from healthy nonexposed cattle or sheep. The numbers of M. avium subsp. paratuberculosis organisms were based on Helber visible microscopic counts. Each spiked sample (n ϭ 1/dilution) was evaluated using the HT-J test.
HT-J test validation. All animal experiments were approved by the University of Sydney Animal Ethics Committee. For test development, fecal samples were tested from calves (Ͻ12 months of age) experimentally inoculated with M. avium subsp. paratuberculosis utilizing a previously validated infection model (22, 23) . Clinical samples were collected on farm during a prospective study or retrieved from Ϫ80°C freezer laboratory archives for the purpose of HT-J test validation relative to the reference standard of Bactec culture (see below).
The sample collection, transport, and initial handling at the laboratory were identical to the handling requirements for M. avium subsp. paratuberculosis fecal culture. Briefly, fecal samples were collected from animals, put in labeled sterile sample containers, and stored at 4°C prior to and during transit to the laboratory, avoiding unnecessary delays in transit. Upon arrival, the samples were maintained at 4°C if they could be tested within 48 h; alternatively (i.e., for longer-term storage), they were stored at Ϫ80°C. All of the collected samples were tested. The interval between sample collection and testing with the HT-J test ranged from 0 to 8 months for cattle fecal samples and 3 months to 2.5 years for sheep fecal samples (other than archival samples as specified below), and between sample collection and testing in Bactec culture from 0 to 2 months for cattle fecal samples and 0 to 3 months for sheep fecal samples.
Both the HT-J and Bactec culture tests were performed at the University of Sydney laboratories at Camden by dedicated and highly experienced technical and postdoctoral staff. The samples were not tested blind, as the identities of the herds and flocks and regional JD status were known to some of the laboratory staff.
Bovine fecal samples. A single fecal sample was tested from each of 1,330 beef cattle, which included both males and females, 1 to 12 years old, and represented 15 exposed herds (n ϭ 870 cattle) and at least 8 unexposed herds (n ϭ 460 cattle) ( Table 2 ). The herds were selected opportunistically, and convenience samples were collected and tested between 6 January 2010 and 11 November 2011. The majority were extensively grazed cattle, with the exception of 189 unexposed fecal samples that were from animals in beef cattle feedlots. The samples from the exposed herds were from three geographically distinct regions (New South Wales, Tasmania, and Victoria). A diagnosis of M. avium subsp. paratuberculosis infection had been made in at least one animal from each herd using a blood serum antibody enzyme-linked immunosorbent assay (ELISA) screen with confirmation by pathological examination. All herds except one in Tasmania had a low prevalence of infection, most of which were not suspected to be infected prior to detection, which occurred during certification testing as part of a national market assurance program (24) . Samples from unexposed herds were obtained from farms in regions of Australia where JD was not known to be present at the time of the study (Table 2) ; the samples obtained from Western Australia were collected at an abattoir without matching farm identification data, so the number of farms represented is uncertain.
Ovine fecal samples. A total of 596 fecal samples were obtained from extensively grazed mixed-sex predominantly adult Merino sheep representing both M. avium subsp. paratuberculosis-exposed (507 samples from 15 flocks) and -unexposed flocks (89 samples from 1 flock) ( Table  2 ). The flocks were selected opportunistically, and convenience samples were collected or retrieved from archives and tested between 27 October (25) . In addition, individual fecal samples from sheep were tested from trials performed at the University of Sydney. These comprised: a trial in which Merino lambs (n ϭ 20) were inoculated orally with live M. avium subsp. paratuberculosis and sampled at three time points (from 3 to 18 months of age) (22) , and archived samples (stored at Ϫ80°C since 2004) from a trial in which unexposed sheep were cograzed with M. avium subsp. paratuberculosis-infected sheep (6 months to 5 years of age) (26) . Due to the difficulty of locating unexposed sheep, fecal samples were obtained from only one unexposed source; on this farm, the sheep have consistently yielded negative results (with fecal culture and serological methods) in tests for JD over 10 years.
High-throughput Johnes test. The fecal DNA extraction when performed in tandem with the IS900 qPCR was termed the HT-J test.
(i) Fecal DNA extraction. The extraction of DNA from feces involved: (a) the preparation of a fecal suspension and sedimentation to enrich for M. avium subsp. paratuberculosis organisms, (b) bead beating to release DNA from within the mycobacteria, and (c) automated magnetic bead purification of DNA. The controls in each batch test included: a positivecontrol fecal sample from an infected animal that was fecal culture positive; a negative-control fecal sample from a noninfected animal that was fecal culture negative; a process control (exposed to all buffers in the fecal suspension and DNA extraction process but with no feces), and an extraction plate control (DNA elution buffer from a well in the 96-well plate with all DNA extraction buffers but no fecal lysate). The protocol incorporated the BioSprint 96 one-for-all vet kit (Qiagen), with significant changes made to the sample input volume and processing steps to optimize M. avium subsp. paratuberculosis detection in feces.
(a) Preparation of fecal suspension. The fecal suspension was prepared by adding 1.2 g (dry weight) or 1.5 g (moist weight) of feces to a 15-ml sterile culture tube (11 cm by 1.6 cm diameter) containing 10 ml 0.85% (wt/vol) sterile saline. The tube was shaken vigorously to mix the suspension thoroughly and then allowed to settle for 30 min, with a gentle flick after 5 min to release air bubbles and dislodge floating debris. The top 3 to 5 ml of the supernatant was transferred to a 15-ml conical centrifuge tube using a sterile plastic transfer pipette and centrifuged at 1,231 ϫ g for 30 min with low brake at room temperature. The supernatant was discarded without dislodging the pellet, and 600 l of modified lysis/binding solution (BioSprint 96 one-for-all vet kit; Qiagen) (597.2 l buffer RLT and 2.8 l carrier RNA that had been reconstituted in buffer AVE, without isopropanol or MagAttract suspension G [Qiagen]) was added. The pellet was resuspended by repeated aspiration using a sterile plastic transfer pipette.
(b) Bead-beating step. The full volume of the resuspended pellet was transferred to a 2-ml conical-base screw-cap tube containing 0.3 g of zirconia/silica beads (BioSpec Products, Inc., Daintree Scientific) and disrupted using a mechanical cell disruptor/bead beater (6.5 m/s for 60s, twice, using a FastPrep-24 bead beater; MP Biomedicals). The bead tubes were centrifuged at 16,000 ϫ g for 3 min, the supernatant (ϳ600 l) was transferred to a new 1.5-ml tube, and the centrifugation step was repeated.
(c) Magnetic bead DNA purification. This was undertaken using a kit (BioSprint 96 one-for-all vet kit; Qiagen). The fecal supernatant in lysis/ binding solution (400 l) was transferred to the lysate plate (deep 96-well plate) along with 40 l proteinase K and 300 l magnetic bead mix (preparation per reaction, 300 l isopropanol and 25 l MagAttract suspension G vortexed thoroughly as recommended, which allowed for pipetting errors). Three additional deep 96-well (S-Block) plates and one standard 96-well plate were labeled and prepared: wash 1 (deep well, 700 l buffer AW1/well), and washes 2 and 3 (2 ϫ deep well, 500 l buffer RPE/well), elution (standard 96-well, 75 l buffer AVE/well), and these run on an automated magnetic particle processor (MagMAX Express-96; Life Technologies) using the BS96 Vet 100 instrument protocol (Qiagen). The contents of the individual wells of the elution plate were stored in 200-l tubes at 4°C if qPCR was to be performed within 24 h; otherwise, they were stored at Ϫ20°C/Ϫ80°C
(ii) IS900 quantitative PCR. qPCR for IS900 was performed using an Mx3000P real-time PCR instrument (Stratagene, Agilent). The reaction mixtures each contained 5 l template DNA, forward and reverse primers (250 nM final concentration) (forward primer MP10-1, [5=-ATGCGCC ACGACTTGCAGCCT-3=], and reverse primer MP11-1, [5=-GGCACGG CTCTTGTTGTAGTCG-3=]; Kawaji et al. [14] ), and SensiMix SYBR Low-ROX qPCR mastermix (Bioline). Optimization of the primer concentration in the range of 100 to 600 nM was performed, with 250 nM forward and reverse primer found to be optimal (data not shown). A 5-step standard curve of M. avium subsp. paratuberculosis genomic DNA was included in every qPCR experiment (10-fold serial dilutions over the range of 10 to 0.001 pg/reaction). The limit of detection (LOD) was determined from the standard curves obtained from 12 experiments (Fig. 1A  and B) . No-template controls (all qPCR reagents with 5 l purified sterile water) were included in every qPCR experiment. The cycling parameters were: initial denaturation at 95°C for 8 to 10 min, 40 cycles of denaturation at 95°C for 30 s, and annealing/extension at 68°C for 60 s with fluorescence acquisition at the end of the annealing/extension step, followed by a melt curve analysis from 65 to 95°C. The threshold was set in each run based on the M. avium subsp. paratuberculosis genomic DNA standard curve using the qPCR analysis software (MxPro; Stratagene) and then applied across the samples. The raw data were presented as the DNA quantities derived from the M. avium subsp. paratuberculosis genomic DNA standard curve to obtain normalization of the data between runs as distinct from quantification (15) . Individual amplification curves with a threshold cycle (C T ) were verified by visual examination to ensure that there was an exponential phase; test wells with C T s of Ͼ40 were disregarded (per MIQE guidelines) (15) .
The following criteria had to be met for the data from a qPCR experiment (run or plate) to be accepted: amplification efficiency of the M. avium subsp. paratuberculosis genomic DNA standard curve, including at least 4 of the 5 standards, between 90 and 110% (calculated using the inbuilt algorithm in the qPCR instrument software), at least one replicate of standard 5 (0.001 pg) giving a positive amplification, and no-template PCR control negative. A positive result for a single replicate, i.e., one reaction in a single well in a qPCR plate, required a fluorescence curve with an appropriate exponential phase confirmed by visual examination, DNA quantity exceeding the cut point, and a correct dissociation peak (T m ) in melt curve analysis. The DNA quantity cut point (Ն0.001 pg M. avium subsp. paratuberculosis genomic DNA) was determined by an epidemiological approach using the complete validation data set. The acceptable T m range was determined using data from all controls and all samples (Fig. 1C) to be 89.1 Ϯ 1.5°C for the Mx3000 (Stratagene).
HT-J test acceptance criteria. The results from an HT-J experiment were accepted when the negative fecal controls and extraction plate process controls gave negative results in both replicates of the DNA extract, positive fecal controls gave positive results in both replicates, and the IS900 qPCR data were accepted (see above).
Statistical analysis of HT-J test performance. A restricted maximum likelihood linear mixed model (REML) was used to analyze the DNA quantity data from method optimization experiments using GenStat (release 12.1 [2009] ; VSN International, Ltd.). Repeatability was assessed using a paired t test on DNA quantities of all individual qPCRs from two replicate HT-J experiments, and the 95% upper and lower limits of agreement for these were calculated from the difference in the log 10 DNA quantity between the results for sample replicates using the formula d Ϯ 2 standard deviations (SD), where d is the mean of the differences (27) .
Relative specificity was defined as the proportion of fecal culture-negative samples from flocks and herds not exposed to M. avium subsp. paratuberculosis that tested negative in the HT-J test. Relative sensitivity was defined as the proportion of fecal culture-positive samples that tested positive in the HT-J test. For the purposes of calculation of sensitivity and specificity relative to Bactec culture, a fecal sample was classified as HT-J test positive using a range of criteria for consideration of the qPCR data from replicate DNA extracts performed for each fecal sample ( Table 3) . The exact binomial confidence limits were calculated (Minitab Statistical Software). McNemar's test for paired observations was used for comparison of the fecal culture method and the HT-J method (28) . The association between the HT-J-positive category based on an ordinal classification of normalized DNA quantity (high, medium, low) and the results of Bactec culture was assessed using a chi-square test, while the relationship between the weeks to peak growth index and the likelihood of a sample being positive in the HT-J test were determined using Spearman's rank correlation (GenStat 12th edition' VSN International, Ltd.).
RESULTS
Optimization of DNA extraction method.
A range of methods were assessed for DNA extraction, including commercial columnbased methods, but a magnetic bead isolation method utilizing the BioSprint 96 one-for-all vet kit (Qiagen) and a 96-well automated magnetic particle processor had the capacity for high-throughput processing and gave the highest analytical sensitivities (data not shown). Protocol variations were evaluated, including the initial storage temperature of feces (Ϫ20°C or Ϫ80°C), the fecal suspension method (amount of feces and total volume of the suspension), the ratio of fecal suspension to lysis buffer, and the volume of fecal lysate added to the extraction plate. Following the pilot experiments, a trial was conducted using Bactec culture-positive cattle fecal samples that were known to contain low levels of M. avium subsp. paratuberculosis and that had been stored as aliquots at Ϫ20°C or Ϫ80°C (Fig. 2 ). These were extracted with different method variants to evaluate suspensions of 0.3 g feces in 1 ml saline or 1.5 g feces in 10 ml saline and ratios of 1:4, 1:3, 1:2.5, or 1:1.7 of fecal suspension to lysis buffer. In each case, the DNA quantity detected by qPCR was greater for samples stored at Ϫ80°C than at Ϫ20°C (P Ͻ 0.05). The protocol that gave the highest analytical sensitivity was the suspension of 1.5 g moist feces (1.2 g dry feces) in 10 ml of saline, with a 1:3 ratio of fecal suspension to lysis solution, and storage of the fecal samples at Ϫ80°C. This was adopted as the recommended method for the HT-J test.
The controls included in the HT-J extraction method were a process control, a positive fecal control, a negative fecal control, and a buffer control on the 96-well extraction plate. The qPCR primer concentration was optimized (data not shown); although primer-dimer artifact was seen particularly in samples with no paratuberculosis-specific IS900 sample results had a mean T m of 89.1°C. The primer-dimer artifact was seen in the no-template controls (NTC) and samples with no specific template, and it was not seen to be competitive with the specific product. template (Fig. 1C) , it was not determined to be competitive from an assessment of amplification and major T m peaks for samples with concentrations of M. avium subsp. paratuberculosis genomic DNA approaching the LOD of the assay (0.001 pg). An experiment was conducted to confirm that the 96-well plate-based magnetic particle DNA purification method was robust and not subject to cross-contamination between the wells (see Fig. S1 in the supplemental material). All negative-control wells in this experiment gave no C T values, indicating that no cross-transfer of material occurred between the wells, even for wells located adjacent to samples with very high quantities of M. avium subsp. paratuberculosis DNA.
Analytical specificity. The IS900 primers used in the HT-J assay (MP10-1 and MP11-1) were designed to be specific to M. avium subsp. paratuberculosis, with reference to mycobacterial isolates possessing known IS900-like sequences (14) . BLASTn analysis conducted in July 2013 revealed M. avium subsp. paratuberculosis to be the only organism with a 100% match for these primers. Incomplete sequence alignments were identified for both the forward and reverse primers in Mycobacterium sp. strain 2333 (NCBI Nucleotide database accession no. AF455252.1), and an incomplete sequence was identified for the MP10-1 primer in Mycobacterium intracellulare (GenBank accession no. CP003324.1).
A panel of 51 mycobacterial isolates (Table 1) , including environmental and pathogenic strains, as well as 10 strains previously identified as containing IS900-like elements in their genomes, were tested using the IS900 qPCR assay. The genomic DNA was isolated, quantified, and 10 ng was added to each qPCR. Only the S and C strain M. avium subsp. paratuberculosis isolates gave a positive result, with C T values of 19.0 Ϯ 1.5 (Table 1) . Importantly, neither of the mycobacterial strains with partial sequence identity to the primers nor any of the remaining mycobacterial isolates with IS900-like elements produced a positive result. However, there was amplification of all mycobacterial isolates in a PCR with nonpolymorphic 16S rRNA primers, with C T values of 19.7 Ϯ 1.2 (mean Ϯ SD).
Analytical sensitivity and range. Analytical sensitivity was determined for the IS900 qPCR assay by performing replicate (n ϭ 12) standard curves of M. avium subsp. paratuberculosis genomic DNA, with duplicate reactions from 10 pg to 0.0005 pg of input DNA (Fig. 1A and B) . In addition to a 10-fold dilution series, intermediate DNA amounts were included. The limit of detection (LOD) was 0.0005 pg, defined as the DNA concentration at which at least 50% of the replicates were detected (29, 30) . The limit of quantitation (LOQ), defined as the linear portion of the standard curve, was between 0.005 and 10 pg M. avium subsp. paratuberculosis genomic DNA (15) .
The range of detection of M. avium subsp. paratuberculosis in feces was assessed using fecal samples spiked with known quantities of M. avium subsp. paratuberculosis cells. Both the C and S strains of M. avium subsp. paratuberculosis were included in this experiment. The analytical sensitivities of the HT-J test were similar for both animal species and strains, with the test being able to detect as few as 10 M. avium subsp. paratuberculosis organisms per gram of feces (Fig. 3) .
Repeatability. The repeatability of the IS900 qPCR for M. avium subsp. paratuberculosis genomic DNA standards is shown a Proportion (%) of culture-positive samples from exposed herds/flocks that tested positive in HT-J. b Proportion (%) of culture-negative samples from unexposed herds/flocks that tested negative in HT-J. c Scenario 1 was the format of test conduct and result reporting criteria that were applied for the HT-J test.
FIG 2 Effect of storage temperature on HT-J test results. Separate extractions
were performed on fecal aliquots from 5 cattle and 1 positive-control fecal sample (POS), stored at Ϫ20°C or Ϫ80°C. The results shown are from 1.5 g feces in 10 ml saline and a ratio of 1:3 for suspension in lysis buffer. The data are the individual qPCR results (n ϭ 8/animal; n ϭ 4 positive control). The cut point for the determination of a positive result is shown as a horizontal line at 10 Ϫ3 pg. ND, not detectable (no C T ).
in Fig. 1 . To assess the repeatability of the entire HT-J extraction and PCR method, a total of 34 exposed cattle (n ϭ 15) and sheep (n ϭ 19) samples were analyzed in two replicate experiments (Fig.  4) . A paired t test of DNA quantities from all replicates indicated the results for the two tests were not significantly different. In terms of positive versus negative HT-J test outcomes, the results were identical for all 15 cattle samples (8 positive and 7 negative) and 18/19 sheep samples (15 positive and 3 negative). For the sheep sample for which the results of the two HT-J experiments were different, the "negative" test had detectable amounts of M. avium subsp. paratuberculosis DNA (0.0004 pg), but this was below the positive/negative cut point threshold of 0.001 pg. A plot of the variability in DNA quantity for the two independent HT-J tests showed that the majority of the replicate HT-J tests had DNA quantities within 1 log 10 of each other (Fig. 4B) . Repeatability for samples containing a small quantity of M. avium subsp. paratuberculosis. Thirty culture-positive samples from calves experimentally inoculated with M. avium subsp. paratuberculosis (Ͻ12 months of age, n ϭ 26) and adult cattle from an exposed property (n ϭ 4) were known to contain low numbers of M. avium subsp. paratuberculosis (Table 4) because the time to growth in Bactec liquid culture medium was Ն5 weeks (20) . A DNA extract was prepared from each sample and tested in quadruplicate in two separate qPCR experiments. Replicates that were positive had low levels of M. avium subsp. paratuberculosis DNA ranging from 0.0008 pg to 0.02 pg. M. avium subsp. paratuberculosis was not detected in all replicates of a DNA extract. For example, samples 1 and 8 had a DNA quantity detectable in only 1 or 2 of the 8 replicate qPCRs (Table 4) . These samples were at the LOD of the assay and demonstrate that for such samples, subsampling the same DNA extract will often lead to inconsistent detection of target DNA for stoichiometric reasons (15) .
Detection of M. avium subsp. paratuberculosis in fecal samples relative to Bactec culture. Overall, a total of 1,330 bovine fecal samples and 596 ovine fecal samples were tested. The samples tested included animals across a spectrum of disease from uninfected to early subclinical and clinical disease (see Materials and Methods).
The sensitivity and specificity values for the HT-J assay relative to culture were dependent on the cut point imposed on the data to determine positive results, as shown in Fig. 5 . A cut point was selected (0.001 pg M. avium subsp. paratuberculosis DNA) that led to high relative specificity values for both cattle and sheep while retaining relative sensitivity. A result was classified as positive only when both replicate qPCRs were within the correct T m range (89.1 Ϯ 1.5°C; Fig. 1C ) and had a DNA quantity of Ն0.001 pg.
Of the fecal samples that were collected from populations that were not exposed to M. avium subsp. paratuberculosis and that were uniformly culture negative, 99.6% from cattle and 98.9% from sheep were negative in the HT-J test (Table 5 ). These results suggest that both tests are highly specific. Of the fecal samples from M. avium subsp. paratuberculosis-exposed animals that were culture positive, 60.4% (from cattle) and 83.8% (from sheep) were positive in the HT-J test (Table 6 ). These outcomes were defined using the criteria whereby samples with one of two replicates being positive and the other one being negative were classified as qPCR negative; the performances of the test using alternate criteria are shown in Table 3 . It is important to note that for both the bovine and ovine samples, the HT-J test identified slightly more positive samples from animals from M. avium subsp. paratuberculosis-exposed populations than did Bactec culture ( Table 6 ). Many of the culture-positive samples that were not classified as HT-J positive had detectable levels of M. avium subsp. paratuberculosis DNA but did not meet the positive test criteria due to quantities of DNA below the positive/negative cut point and/or differing results for the two qPCR replicates (see Fig. S2 in the supplemental material). McNemar's test for paired data was used to confirm that the rates of detection of M. avium subsp. paratuberculosis in feces for the HT-J and Bactec culture tests were not significantly different (P Ͼ 0.05).
The likelihood of a sample being culture positive was strongly related to the M. avium subsp. paratuberculosis DNA quantity detected in the sample (chi-square test, 50.1; P Ͻ 0.001) ( Table 7) . Almost all (97%) of the samples with a high quantity of M. avium subsp. paratuberculosis DNA were culture positive, while 25% of samples with a low quantity of M. avium subsp. paratuberculosis DNA quantity were culture positive. Similarly, the likelihood of obtaining a positive HT-J test result was correlated with the number of live M. avium subsp. paratuberculosis cells per gram of feces (Spearman's rank correlation, 0.96; P Ͻ 0.001) ( Table 8 ).
All exposed cattle herds that returned at least one culture-positive result were also identified as positive by the HT-J test. However, HT-J-positive samples were identified in an additional four exposed cattle herds in which none of the samples were culture positive. Similarly, culture-positive samples were identified in 13 sheep flocks, all of which were identified as positive by the HT-J test. Examples of the patterns of HT-J and fecal culture results from herds with various prevalences of M. avium subsp. paratuberculosis infection are shown in Fig. 6 . Regardless of the region from which the sample originated, the majority of HT-J-positive results were in the low to medium DNA quantity ranges (Table 2) .
DISCUSSION
We developed a new high-throughput fecal DNA extraction procedure coupled with a qPCR assay (termed the HT-J test) for the direct detection of M. avium subsp. paratuberculosis in fecal samples from cattle and sheep, and we provided an evaluation of its performance according to standards recently provided for M. avium subsp. paratuberculosis diagnostic test validation (2) and the Minimum Information for Publication of Quantitative RealTime PCR Experiments (MIQE) guidelines (15) . The HT-J test enables the rapid reporting of results with a similar rate of detection of M. avium subsp. paratuberculosis-positive samples as that of fecal culture in liquid medium.
In this study, the optimization of fecal DNA extraction was undertaken, and critical steps affecting the sensitivity of the test were identified. The first was related to the handing of the fecal samples and identified that storage at Ϫ80°C rather than Ϫ20°C was required for greatest sensitivity. This is consistent with standard sample-handling protocols for the culture of M. avium subsp. paratuberculosis; however, the biological basis of the observed effects on sensitivity has yet to be established. The optimal fecal suspension method was also consistent with a method commonly used for fecal culture, with the volumes of feces and saline and principles being the same. Mechanical disruption of the M. avium subsp. paratuberculosis cell wall using a bead beater was previously shown to be critical for analytical sensitivity (14, 31) . The use of a commercial DNA extraction procedure (Qiagen BioSprint 96 one-for-all vet kit) gave high sensitivity as well as highthroughput capacity in a diagnostic laboratory setting. Magnetic bead DNA purification methods generally lead to lower carryover of contaminants or potential PCR inhibitors from a sample, as the method involves the physical removal of the DNA from the remainder of the sample (31) (32) (33) (34) .
The critical components for the qPCR assay were identified by Kawaji et al. (14) as primer sequence and high annealing temperature (68°C). These were used in the qPCR for the HT-J test to ensure specificity, but the assay was modified to use a relatively inexpensive mastermix (SensiMix SYBR Low-ROX kit; Bioline). Primer location was based on gene regions where there were base mismatches with IS900-like sequences that have been identified in organisms other than M. avium subsp. paratuberculosis. Analytical specificity was reconfirmed in this study using the modified qPCR conditions across a panel of 51 mycobacterial isolates, including those with IS900-like sequences (14) . IS900 is the most common molecular target sequence used to detect M. avium subsp. paratuberculosis. This is based on initial reports of its specificity for the M. avium subsp. paratuberculosis genome, and it being a multicopy gene, which increases the likelihood of detection compared to single-copy genes (35) . However, there have been a number of reports of other mycobacterial species with IS900-like sequences (36) (37) (38) , but no other microbial genera have been reported to have this insertion element. IS900 primers that do not discriminate between M. avium subsp. paratuberculosis and other mycobacteria with IS900-like sequences are still in general use (39) . To overcome concerns with specificity, other elements, such as F57, have been applied in real-time PCR assays (40) , but these generally have lower analytical sensitivity for the M. avium subsp. paratuberculosis genome than IS900 (41) .
The analytical sensitivity of the qPCR test based on the M. avium subsp. paratuberculosis genomic DNA standard curve was comparable to that reported by Kawaji et al. (14) , as was the analytical sensitivity of the HT-J test for the detection of M. avium subsp. paratuberculosis in spiked fecal samples. The inclusion of a M. avium subsp. paratuberculosis genomic DNA standard curve allowed for the normalization of results between experiments and will facilitate interlaboratory standardization of test results, as comparisons of raw C T values are subject to run-to-run variability (15) . Furthermore, the criteria developed for the determination of HT-J-positive test results depend on the inclusion of the DNA standard curve in every run. To obtain the maximum potential specificity for use in control programs in Australia, the criteria for a positive HT-J test result required that both qPCR replicates be positive, while samples with one positive and one negative qPCR replicate were considered negative. Alternative criteria, including those that consider test results with a single positive replicate to be positive, were assessed with respect to their effects on relative diagnostic specificity and sensitivity (Table 3) . Although all options had high apparent specificities (Ն97.6%), the criteria that gave the highest apparent specificity across both animal species were adopted for the purposes of the analyses shown in Tables 5 and 6 .
The HT-J test, like other qPCR-based diagnostic assays, provides results on a continuous scale, making it possible to set different positive/negative cut points (Fig. 5) (30) . In this study, both T m and DNA quantity were used to define a cut point. The T m was specified as a range and needed to be determined for other mastermixes and qPCR machine platforms (average T m of M. avium subsp. paratuberculosis genomic DNA standards Ϯ 1.5°C). The selection of the 0.001-pg cut point was determined using a rigorous epidemiological approach, based on the probability of misclassification of the disease status while prioritizing high specificity (30) , and it was within the scope of MIQE guidelines, relating to the establishment of assay limits of detection (15) . This DNA quantity is equivalent to approximately one-fifth of a M. avium subsp. paratuberculosis genome; however, the target gene (IS900) is a multicopy gene present in 15 to 20 copies per genome (35) . Depending on the purpose of the test, there is an opportunity to use different cut points for interpretation of test result data. A high/medium/low test categorization scale was developed in this study that closely aligned with the likelihood of a sample returning a positive-culture result (Table 6) .
In Australia, a test cannot be used in a national animal disease control program unless it has been fully validated and assessed (see www.scahls.org.au/). The sampling strategy incorporated regional areas of Australia where the test is likely to be applied. A spectrum of exposure/infection was included to avoid skewed sensitivity estimates that might have occurred by selecting samples from animals based on the results of other tests, for example, serum antibody ELISA. In addition, a large sample size was used. The strategy was to include fecal samples likely to have a range of concentrations of viable M. avium subsp. paratuberculosis cells, and it was not biased by inclusion only of ELISA reactors or fecal samples only with high numbers of M. avium subsp. paratuberculosis, which are relatively easy to detect. This is reflected by the range of culture incubation times to peak growth index (GI) in radiometric culture (3 to 12 weeks), for which the number of weeks to peak GI is inversely proportional to the number of viable M. avium subsp. paratuberculosis in the sample (20) . These design elements are consistent with recommendations for M. avium subsp. paratuberculosis diagnostic test validation (1, 2) . Despite these design considerations, we acknowledge that the samples evaluated in this study are not truly representative of paratuberculosis prevalence. In particular, as paratuberculosis is endemic and cryptic, it is not possible to obtain a reliable or representative sample from nonexposed noninfected individuals from within the M. avium subsp. paratuberculosis-exposed region of Australia. Therefore, we used samples from regions of Australia where at the time it was thought that exposure to M. avium subsp. paratuberculosis did not occur. This is no longer the case due to the detection in 2013 of JD in beef cattle in Queensland (24) . However, we believe the probability of the supposedly nonexposed herds from which samples were collected being exposed to M. avium subsp. paratuberculosis is low, based on verbal advice from Chief Veterinary Officers in each region. For this reason, valid estimates of diagnostic specificity are not available, notwithstanding the fact that both fecal culture and HT-J appeared to be specific tests when applied to the samples in this study. With respect to diagnostic sensitivity, the limited number of flocks and herds examined and the lack of reliable independent classifications of individual animals as infected or noninfected make it impossible to determine the true diagnostic sensitivity for either the HT-J test or fecal culture. Infectious animals shedding large numbers of M. avium subsp. paratuberculosis (so-called heavy or super shedders) are likely to be detected by most protocols for direct fecal PCR (42) and a range of other antemortem tests (43) . However, it is epidemiologically and diagnostically important to be able to detect very low numbers of M. avium subsp. paratuberculosis, as the majority of infected animals in a flock/herd are subclinical cases (12) . For this reason, during optimization of the HT-J test, extensive use was made of a panel of fecal samples that were known to contain very low numbers of M. avium subsp. paratuberculosis cells. The results from this study show that there was variable detection between the replicate qPCRs. It is important to be aware that when an analyte (in this case, M. avium subsp. paratuberculosis genomic DNA in the fecal DNA extract) is present at a very low concentration in a sample, it is a matter of chance whether a small aliquot removed from the sample will actually contain the analyte (15) . Stochastic variation therefore applies to such analyses and is the reason why some replicates of a DNA extraction produce a positive result and others do not. This also applies to the comparison between HT-J and radiometric culture, as the culture was performed on a separate aliquot of feces to that used in the HT-J testing. The agreement between the culture and HT-J test results decreased with decreasing numbers of M. avium subsp. paratuberculosis in the original sample because of the lower likelihood that a positive test result will be obtained from all subsamples of the original. 
